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ABSTRACT. The input impedaTiue and the directivity of a rhombic antenna with 
amis in the form of cylindrical helices of constant pitch angle have boon studied.
On tho basis of certain plausible assumptions, theoretical expressions have boon derived 
to obtain the input impedance and the directivity of the antenna. The results have been 
compared with exporimen tally observed values.
1. I N T R O D U C T I O N
Tho rhombic antoiiua is widely used in military and commercial services 
for point-to-point communication. I t  is a wide band antenna and possesses 
BLibstantial degree of directivity. These two prc-'iierties, as is well-known, result 
from the aperiodic nature of the system. The rhombic antenna, however, suffers 
from a number of limitations mentioned below:
(i) The horizontal and vortical radiation patterns being perceptibly do- 
])undent on one another, it is impossible to obtain high angle radiation except 
at very low gain and for very broad horizontal pattern;
(ii) Wastage of input energy at tho terminating resistor, thereby greatly 
reducing the efiicioncy of the system;
(hi) Large plot of land is necessary for its erection.
The first difficulty is reduced to a considerable extent by using arrays of 
rhombic antemias in cascade, which, in addition, suppress smaller unwanted 
lolies of radiation and improve the radiation efficiency. The second difficulty is 
effectively minimised if the input impedance of the antenna is lowered by using 
multiple wires (spaco-tapered) instead of single conductors constituting the arms 
and also by feeding the energy at the terminal end back to the system in a manner 
that progressive waves flow round the network (Neunann, 1939).
In an attempt to reduce the third difficulty, the present author has investi­
gated the possibility using cylindrical helices as tho arms of tho rhombic antenna. 
Ill a helix, the “axial” velocity of the electric wave is less than that along a 
linear conductor so that a rhombic antenna with helices as the arms should m 
offect correspond to a much longer rhombic antenna with linear arms. The 
antenna studied consists in each arm a helix designed for a midfrequency of
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600 mc/s. The pitch angle and the length of each turn  are 12° and 20 cm. pos- 
pectively so that the helix operates predominantly in the “normal” mode over 
the entire frequency band.
The impedance characteristics and the radiation pattern of this antenna have 
been studied both theoretically and experimentally. The results of these invest), 
gations are reported in this paper.
2. E X P E R I M E N T A L  A R R A N G E M E N T S  A N D  
M E A S U R E M E N T S
The rhombic antenna has been designed to operate in the frequency range of 
300 mc/s to 900 mc/s with the mid-frequency of 600 mc/s. Each arm of the 
antenna consists of a cylindrical hehx of 10 turns made of hard-drawn copper- 
wire (1 /8" in diameter). The pitch angle of the helix is about 12 ° a n i  the length 
of the wire in each turn is 20 cm. The total length of wire in ea^h helix is 
200 cm; th a t is, 4 wavelengths a t the mid-frequency. The axial length of the 
helix IS 40 cm. The inclination between the arms is made according to tho 
standard design chart for the ordinary rhombic antenna (Smith, 1948)i its value 
being about 145°. The included angle is adjusted to 35° so th a t the first 
maximum lobe may be directed along the major axis of the rhombus and its 
elevation is of the order of 17.5°. The elevation 17.5° is chosen because of con­
venience in the measurement of radiation patterns. The antenna is mounted 
horizontally over a copper-wire net at a height of about 3.75 wavelengths 
(corresponding to 600 mc/s) which satisfies the condition * of maximum field 
intensity at the elevation angle of 17.5°. The copper net of close mesh provides 
the perfect “ground” .
(i) Measurement of impedance :
The layout of the rhombic antenna with its measuring devices is s h o w n  
in figure 1 . The input impedance is measured by means of a twin-wire standmg-
F ig . 1.— Block d iagram  of th e  experim entol arrangem ent for th e  meoBuroment of input 
im pedance of th e  an tenna . —
wave bridge designed and constructed for the experiment. A balance-to-mi- 
balance transformer is incorporated a t the input end of tho bridge since the gene­
rator output is taken through a co-axial cable.
Several wavelengths of line are placed between the bridge and the a n te n n a ,  
thereby eliminating the need for locating symmetrically both the operator and the 
measuring equipment. The line lengthy however, is so chosen that the
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attenuation introduced by it may be neglected (Tomiyasu, 1949). The measure­
ments have been made at frequencies from 300 mc/s to 900 mc/s. Tlie impedance- 
frequency and standing-wave ratio characteristics are shown in figures 2-3.
i
2 __Illustrating the variation of tlie oalculatod (dotted line) and the observed (solid line)
values of the input resistance with frequency. Observed (chain lino) values of input 
impedance is also shown. Frequency range- 300 Mo/s to 900 M c /s ..
Fig. 3.—Observed values of the resistive {R) and the reactive (X) parts  of the inpu t impedance 
and also th e  SW R characteristics. Frequency range : 300 Mc/s to  900 Mc/s.
(ii) Meafturement of radiation pattern :
The antenna together with the balanoe-to-vinbalanoe transformer and the 
tapered feeder for impedance matching are erected horizontally above the ground. • 
The height ofthe antenna from the copper net of close mesh which acts as ground, 
is adjusted so that the major radiation lobe satisfies the condition of maximum 
field intensity for an ordinary rhombic antenna. The receiving antenna is a dipole 
placed at a distance of about 10 wavelengths (corresponding to 600 mc/s) from the 
antenna under study. The height of the dipole is adjusted so that it receives
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maximum ‘'illumination” from the major radiation lobe, which makes an angle 
of 17.5° approximately with the plane of the rhombic antenna.
Imperfect termination of the antenna over the frequency-band generates 
back radiation due to the standing waves on the conductor arms, bu t its magju. 
tude has been found to be small. Consequently, the measurement of the radia- 
tion pattern has been made only in the forward direction and the test antenna is 
swept through an angle of 180°. Both horizontally and vertically polansod 
components of the field have been measured only in the horizontal plane. I ’ho 
vertical-plane patterns, however, could not be measured because of experimental 
difficulties.
The crystal detector being a square-law device, accurate measurement of 
small side-lobe amplitudes is difficult. Hence, only the major lobes a t different 
frequencies have been measured. The tendency of the major lobe to split up at 
the higher end of the frequency band has been shown in one particular case 
(figure 7f).
The plots of radiation patterns for different frequencies are shown in the 
figures 7-9.
3. T H E O R E T I C A L  C O N S I D E R A T I O N S  
(i) Calculation of impedance :
An approximate formula for the average characteristic impedance of tlio 
antomia has been derived by the standard method based on Schelkunoff’s treat­
ment of the biconical antenna (Schelkunoff, 1943), For the biconical antenna, 
Schelkunoff assumes th a t only the TEM transmission mode is present, so that 
both E  and H  lines are entirely transverse, th a t is, they have no radial compo­
nent. This satisfies the boundary conditions since E  is normal to the surface 
of the cones and the H  lines are circles lying in planes normal to the polar axis. 
The voltage between points 1 and 2 on the cones a t a distance r (figure 4) from 
the terminals is given by
F(r) =  J E ^ .r M  ... (1 )
dh,
where is the half-angle of the cone. —
The to tal current a t the same point is obtained by Ampere’s law,
/(y) =  I  H^r sin dd<j> =  27rr sin 6H<{i . . .  (2)
I f  the biconical antenna is considered infinitely long, the ratio of F(^ > and /jr) given 
by Eqns. (1) and (2) would give the characteristic impedance of the antenna
In the case of a rhombic antenna with cylindrical helices as the arms, the 
situation is evidently more complicated. For the sake of simplification, however, 
certain plausible assumptions may be made. These are discussed below:
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Fig. 4.— and  Hp lines of outgoing TEM  w ave on a  biconical an tenna.
(a) The average characteristic impedance of a rhombic antenna is approxi­
mately equal to the input impedance of infinitely long diverging wires of the same 
included angle (Scholkunoff, 1952).
(b) When two conical conductors of equal cone angles are kept inclined to 
each other symmetrically with repsect to a centre axis and are fed at the apex, 
the system radiates. Scholkunoff and others have shown th at the interaction 
between the two diverging conductors may be neglected except in the vicinity of 
the input ends when the gap at the input end is large compared to the average 
radius of the conductors. On similar grounds we have also neglected any possible 
effect duo to interaction between the arms of the antenna under study. Hence, 
the electromagnetic field may bo considered uniform in the intervening region 
between the arms.
(c) I t  is known th a t strictly transverse electromagnetic waves cannot exist 
on noil-conical wires (Schelkunoff, 1952). In  the case of a helix, the field contains 
a voltage component due to the circumferential magnetic flux. But its magni­
tude being in our case relatively small, it may be neglected. The electromagnetic 
waves in the intervening region between the two arras may thus be assumed to 
he entirely transverse, as done by Schelkunoff in his treatm ent of the biconical 
antenna. The electric lines of force between the two arms, hence, will run prin- 
cipally along the great circles passing through the axes of the helix arms and the 
voltage will be the line integral of this electric field along the great circle.
(d) Since the antenna is terminated by its characteristic impedance and the 
conductors are assumed to be loss-less, the current distribution along the arms 
may be assumed uniform. Standing waves are, however, likely to exist on the 
conductors due to irregularities introduced at the side corners of the rhombic 
antenna and also due to the variation of characteristic impedance from point to . 
point along the two diverging conductors. But these effects are usually negligible 
(Schelkunoff, 1952) and so, the current in the arm is primarily progressive. Conse­
quently the principal wavefronts are spherical in nature. The effect is, therefore, 
like th a t of a cuiTent flowing ‘axially’ along the helices, the velocity of which is 
a function of the helix parameters. Pocklington (1897) has shown th a t for a
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helix of dimensions comparable to the wavelength, the axial velocity is given
by
V =  c sin a  (3)
where v is the phase velocity of the axial current; c, the velocity of hght 
(3x  10 ®^ cm/sec.); and a, the pitch angle of the helix.
Since the field in the intervening region between the two arms is assumed 
entirely transverse, both E  and H  components can be expressed in terms of scalar 
poten tial functions. The potential function for the progressive travelling waves 
may be written as
r  =  _ ... (4)
where A  is a co n stan t;/?, the axial phase constant ; w, the frequonoy
in radians/sec., and the distances from the axes of the helix-arms\of a point 
P  in space on the meridian plane (figure 5), and K q is the modified Bessel  ^ function 
which is the solution of the modified Bessel equation of order zero, with 'fhe inde­
pendent variable I t  is known th a t the modified Bessel equation has two
independent solutions involving and K q. 7q, which is finite for all values of 
r and is only appropriate for source-free regions, is disregarded. The /fo-function 
however, vanishes a t infinity and is retained, since i t  represents an outward 
travelling wave.
Pig. 5.—^Illufltrating the calculation of distance of a point ‘P ’ in space 
from the two inclined arms of the antenna. The-dotted linos indicate the 
outlines of the cylindrical helices and the solid lines OZ\ and OZ^ t 
axes thereof.
In figure 6, 2ijr is the included angle between the arms and (/?, tj>) are the co­
ordinates of the reference point P  on the meridian plane. Expressing fj and fg 
in terms of ^  and the potential function takes the form
T  =  A{K^{fip Bin {xlr~fj>))^K^{pp s in (5)
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The azimuthal component of the magnetic field at P  is given by the relation,
P d<f>
— A/i\K^{fip sin cos
sill cos (v5r-|-0)] (6 )
Jf the point is on the outer surface of the helix [ijr—0) reduces to sin“  ^ djp 
and (V^+^) (2^ — sin“  ^^lp)» where a is the radius of the outer surface of
the heUx. Substituting these values in Eqn.(6), the azimuthal component of the 
magnetic field H^ Pg just outside the surface of the helix arm is given by
Ii</>8 = -A^[Ki{^a)-{-K^{fip{Bin 2\/f— ~  cos 2V/-)}(cos2  ^ — sin 2^)] ... (7)
Now, for an infinitely long helix of radius a, we have, from Ampere’s law,
I  =  ds ~  2Tra . Hipg ... (8)
On substitution, the curi’eni flowing axially through the helix arms is given by
7 =  — 27ra . Ap\Ky{fia) +  K^{pp{Bm 2\jr — ^  cos 2\fr)} x
(cos 2}Jr — sin 2\/r)] (9)
P
Now, the ^f^-field is given by the familiar relation,
Ee =  Z q .
where Z q is the characteristic wave imdedance. 
Substituting the value of 77  ^ from Eqn. (6), we get.
( 10 )
Ee =^~ZQ.Ap[K^{PpBui{}/r—<j>))coB{i/r—(/>)-\~Ki{PpBm{}lf-{-(jt)}co8{}lr-{-(j>)] ... (11) 
Hence, the transverse voltage tangential to the meridian plane is, from Eqn.(l),
. . .  (12)
sin"^ y
V  = j Ee . p d 0  =  -  Z q . 2A[Eo(Pa)-JCo(Pp sin 2 f)\
- f
The upper limit of integration has been chosen to disregard the region inside the 
helix cylinder since it contributes little to the external field. From Eqns. (9) 
and (12), the characteristic impedance of the antenna is given as
KQ{Pa)-K^{Pp sin 2^)
I  nap  K ^ {p a )^  | / ? p ( s i n 2 ^ -  cos 2\p j  |  ^cos 2 f -  ^  sin 2 ^ J
(13)
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I t  is known th a t the characteristic wave impedance Zq is the same as the intrinsic 
impedance of free space (=  1207t ohms) for all transverse electromagnetic waves. 
Now, the phase velocity of the current wave along the two inclined arms of the 
antenna is reduced in the ratio where p^ — talc and the characteristic im- 
pedance of the system is inversely proportional to the phase velocity. I t  thus follows 
th a t the impedance will be increased in the ratio pjp^. Accordingly Eqn. (13) 
reduces to
7  _  120//jrt =  —~ K^{Pa)~K^{Pp sin 2^)
Ky{Pa)~\-Ky\^pp\^m2\Jf— “ cos 2 ^ j | |  cos 2v5^ — “ sin 2y/J
(14)
The impedance of a rhombic antenna is found to vary perceptibly \only upto 
a distance of A/2 from the input ends (Schelkunoff, 1952); beyond thil  ^ distance 
the variation is very small. The average characteristic impedance of the antenna 
will thus be given by
—
K^{Pa)-K^{pp sin 2^/)1 r 120 f ___ ____________ --------------------- -----r.L.
 ^  ^ '  A i(/?a)-|-A i| pp I sin 2 ^ — ^  cos 2 ^ j | |
- , dp
cos 2 ^ — — sin 2i\ f)
■ ( - ! ) •
m K ,(p a )-K ,[P  I  «i“ 2^)
P ^ (  sin ^  . oos 2ii-)|( cos 2 f -
a
A/2
sin 2i// 
. (15
where I is the axial length of each arm.
The expression for the average characteristic impedance is somewhat involved; 
however, for practical computation a number of approximations may be made, 
since the effects of some of the terras in the expression are small compared to
others. For example, the quantities -  cos 2i/r and -  sin 2dr have little effect on 
P P
the variation of Z^^ with p. Hence the denominator of the integrand reduces 
to [K-^{Pa)-\-K-^{pp^ui2\lr) COB 2ylr\. The above expression is not integrable 
by any of the known methods. The integration is therefore performed numeri­
cally by the standard trapezoidal rule.
I t  is interesting to note th a t the expression on the right-hand side of Eqn. 
(15) is found to attain a constant value as p  is increased beyond about 15 cm. 
This is in conformity with our assumption th a t the impedance is constant except 
near the input end. As the average characteristic impedance is approximately
oqual to the ixiput impedance [ assumption (a) ], the value of the expression 
Oil the right-hand side of Eqn. (15) should also represent the input impedance of 
tlio antenna at any frequency.
(ii) Calculation of radiation 'pattern :
In deriving expressions for the directivity of an ordinary rhombic antenna, 
Foster (1937) assumed th a t the current flows uniformly without attenuation h'om 
Iho input to the termination. This assumption neglects the effect of radiation 
and the mutual coupling between the arms. The derivation is thus not rigorous; 
however, it has been found th at the shape of the directivity pattern is not parti- 
fiilarly critical with regard to curient distribution along the arras of the antenna 
(Christiansen, 1946).
The analysis of Foster, applicable to the case of a rhombic autoniia with 
linear arms, should also hold good m the case of the antenna under study, except 
for the fact th at the axial phase velocity m the helix arms is different from that 
in free space. Taking this departure into account, it may bo readily seen that the 
i clative directivities of the rhomi(^ antenna under study for horizontal and verti­
cal polarisations are approximately given by (Piggott, 1948; Harper, 1941).
=  4  cos i  ) cos 0 -s in  (  cos A)
\ /Art / \ Z^/uo/Art /
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and
X ‘n/(1-“ P a)=*+4pa cos=^ ( y  ““ ~  ^
X V (l_ p J^ + 4 p „  cos2 -  ^ ^ B in  a )
(16)
(17)
where (figure 6),
I is the axial length of each arm ;
—reflection coefficients of the ground, the suffixes h and v referring to 
the horizontal and vertupi components;
—phase changes due to the reflection;
A- elevation angle of the main radiation lobe with reference to the plane of the 
antenna;
—obtuse angle subtended by the adjacent helix-arms;
<? -iiximuth angle of the axis of the major lobe referred to the major axis of the 
antenna;
ff—height above the ground",
A—-free-space wavelength at the given frequency;
2
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Aa—effective ‘axial’ wavelength corresponding to frequency *f given by 
Aa= Y  where v — sin a;
k ,= ■ cos A . sin (^+0)
» _ c
^2 — “  -  COS A . sin (^ -6 )
and k  ^refer to the pick-up in the two pairs of the rhombic arms. 
PlAf/
V 6. Illustrating  the p lan and the Bide elevation of the  anlonna when erected horizon tally 
above the “ground” .
For a perfectly conducting ground P h  =  1 and =  n. The ground reflectioji 
factor in Eqn.(16) in case of the liorizontally polarised component thus reduces
to
_ . l2nH  . \ = 2 sm 1 - ^  sin A I (IB)
For the vertically polarised component, however,-both and ol^  are dependent
on A and so, the reflection function, in Eqn.(18) hereafter represented by 
cannot be so replaced by a simple expression as in the case of Nevertheless, 
for approximate calculations, we may take =  1 for A =  17.S'* (Hamer, 1953).
I t  is seen from Eqns. (16) and (17) th a t the polar diagrams of the rhombic 
aerial are controlled by the product of three factors, viz., the integral functions 
sin (ttZAj/A^ ) sin (7r/ifc,/A„) ,,
^ ^ i / A ^  ’ ground-reflection functions 12,„ ; and the
projection functions (cos 0—sin |  cos A) cos ^,(sin 0 . cos A) cos f . I t  is apparent 
i.liat if any of these factors is zero, the directivity must also be zero. This 
determines the positions of minima in the radiation pattern.
The ground-reflection functions {Rl^ , R„) are dependent on A and i//A and 
are fixed by the design of the antenna. For a particular frequency, the positions 
of maxima and minima in the polar diagram are dependent on the values of the 
projection functions as well as the integral functions. The shape of the polar 
diagram, however, is predominantly controlled by the integral function, or in other 
words, by the values of 1/Ao and hi, h .^
I t  is necessary that all the three functions should be large if a large directivity 
is required. In the case of the antenna under study, the values of the ground- 
reflection function and the projection function remain the same as in the case of 
a rhombic antenna with linear arms, but hi and h^  assume very large values. These 
increments in the values of /cj, are duo to the reduction in the phase velocity 
V. The magnitudes of the integral function thus are reduced, thereby causing 
a reduction in the value of the directivity of the antenna under study.
The directivity patterns, particularly for the horizontal polarisation in the 
azimuthal plane, show reasonable agreement with the theoretical values. The 
vertically polarised components of the field are present, though in smaller ampli­
tudes, almost in the same direction as the horizontal components. This shows 
that the radiation field is somewhat elliptically polarised. The directivity patterns 
of the vertical components do not agree well with the theoretical values. This is
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3^
a n d  D „  p a t t o r n a  o f  t h e  a n t e n n a  a t  
3 0 0  M o / e .
r i g .  7  ( b ) .
D j i  a n d  V v  p a t t e r n s  o f  t h o  a n t e n n a  
a t  4 0 0  M o / s .
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D h  a n d  D v  p a t t e r n s  o f  t h e  a n t e n n a  a t  
5 0 0  M o / s .
D k  a n d  D t ,  p a t t e r n s  o f  t h e  a n t e h m i  a t  
7 0 0  M c / s .
F i g .  7  ( e ) ,
D / j  a n d  p a t t e r n s  o f  t h e  a n t e n n a  a t  
8 0 0  M c / a .
‘  F i g .  7  ( f ) .
D j i  a n d  D p  p a t t e r n s  o f  t h e  a n t e n n a  a t  
0 0 0  M c / s .
as one would expect, for the derivation of the expressions for the directivity has 
been based on the assumption that the current in each helix arm can be replaced 
by an axial eurrent which is not strictly true,
The patterns (figures 7-9) have been plotted after normalising the values. In  
fitrure 8, the experimental and theoretical polar diagrams of the antenna under 
study are compared for 600 rac/s excitation. Figure 9 has been shown to 
compare the theoretical polar plots (i)/J for the antenna with cylindrical helices 
iiH the arms and th a t with linear arms also at 600 mc/s excitation.
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1^ 'ig. 8.
Cal d i l u t e d  ( d o t t e d  l i e n )  a n d  o b s e r v e d  
( s o l i d  l i n e )  T > h  p a t L o r n s  a t  6 0 0  M o / s .
F i g .  9 .
C a l c u l a t e d  D a  p u t t e r n s  o f  t h e  r h o m b i c  
a i x t o n n a  w i t h  l i n e a r  a r m s  ( d o t t e d  l i n e )  a n d  
o f  t h a t  w i t h  c y l i n d r i c a l  h e l i c e s  & e  t h e  a r m s  
( s o l i d  l i n o s ) .  F r e q u e n c y ,  6 0 0  M o / s .
4. CONC L UDI NG RE MAR KS
I t  is evident from the observed impedance and the radiation characteristics 
of the antemia with helix arms th a t the wide-band properties and the directivity 
(iharactoristics of a rhombic antenna with linear arms are more or less maintained 
in the case under study. There is, however, a decrease in gam. The reason 
may possibly be ascribed to the lesser “effective area” of the antenna under study 
m contrast to a corresponding antenna with linear arms.
I t  is found th a t a t a particular frequency, the average characteristic impe­
dance varies inversely as the  radius of the helix cylinders. The impedance, 
again, varies from point to point near the input end and becomes constant after 
a distance. If  the helices are suitably tapered towards the input ends the 
variation of impedance in the region may be reduced thereby enabling better 
match with the feeders.
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